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Abstract. The discovery of the ground state positive-parity charm-strange and
charm-nonstrange mesons D} (2317), D,;(2460), D;(2400) and D;(2430) in
2003 and 2004 brought up several mysteries related to their masses. Here I
briefly review recent progresses from lattice calculations and analysis of the
precise LHCb measurements of the B~ — D*n~n~ in the framework of uni-
tarized chiral perturbation theory. It turns out that all the mysteries can be
understood in a picture consistent with both lattice results and the LHCb mea-
surements. In this picture, the main components of D} (2317) and Dy;(2460)
are DK and D*K hadronic molecules, respectively. Furthermore, the resonance
parameters of the ground state 0* and 1* charm-nonstrange mesons take values
very different from the known ones of the Dj(2400) and D,(2430), which were
obtained by using an improper resonance parameterization. It is pointed out
that there should be two Djj and two D, broad states in region relevant to the
Dj;(2400) and D;(2430). Suggestions towards identifying the higher nonstrange
resonances are given.

1 Introduction

The discovery of the D?,(2317) with J? = 0" by the BaBar Collaboration in 2003 [1] marked
the start of a new era in the study of hadron spectroscopy. After that, tens of hadronic resonant
structures were reported in experiments with properties at odds with the quark model which
describes mesons as bound states of a quark and an antiquark. Many of these new hadrons are
then natural candidates of exotic hadrons. For recent reviews of the experimental observations
and the efforts devoted to understanding them, see Refs. [2-11]. Here I will discuss the
positive-parity charmed mesons, i.e., D} (2317), D;1(2460), D;;(2400) and D;(2430).

The discovery of the D7 (2317) was closely followed by that of the axial-vector meson
D;1(2460) by the CLEO Collaboration [12]. The masses of these two charm-strange mesons,
(2317.7 = 0.6) MeV and (2459.5 + 0.6) MeV, respectively [13], are much lower than the
values predicted in potential quark models such as the Godfrey-Isgur (GI) quark model [14]
(the updated results for charmed mesons can be found in [15]), which was very successful in
describing the observed hadron spectroscopy till then. No isospin partners were found. Their
widths are tiny, and so far only upper limits were reported [13]. So these two charm-strange
mesons are isospin-scalar states. As they are located below the DK and D*K thresholds,
respectively, the only allowed strong decays are into Dy and Dir for the D7,(2317) and
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D;(2460), respectively, breaking isospin symmetry. These two states spurred lots of interest
because of the unexpected low masses. Attempts were made trying to explain them as c§
mesons [16-20], chiral partners of the ground state D; and D; mesons [21, 22], compact
[cql[5g] tetraquark states [23], mixing of the ¢§ and tetraquarks [24], the Dz atom for the
D*,(2317) [25], and the DK hadronic molecules [26-31].
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Figure 1. The charm-strange and charm-nonstrange meson mass spectra. The predictions in the GI
quark model [14] are shown as in black lines, while the mesons observed before and since 2003 are
shown as blue and red lines, respectively. For the observed mesons, the masses given in the RPP [13]
are taken, and the bands correspond to their uncertainties.

Shortly after these discoveries, the lowest scalar and axial-vector charm-nonstrange
mesons D(’;(2400)0 and D,(2430)° were reported by the Belle Collaboration [32]. They show
up as broad bumps in the D™ x invariant mass distributions, and each of them was fitted with
a single Breit-Wigner resonance. The DS(2400)0 was later on also reported by the FOCUS,
BaBar and LHCb Collaborations. While all experiments reported a large width, with values
consistent with each another, the central values of the mass differ largely: (2308 + 36) MeV
(Belle) [32], (2407 + 41) MeV (FOCUS) [33], and (2297 + 22) MeV (BaBar) [34]. The av-
eraged values is (2318 +27) MeV in the Review of Particle Physics (RPP) [13]. The charged
partner D(’§(2400)i was reported by the FOCUS [33] and LHCb [35, 36] Collaborations, and
the averaged mass is (2351 + 7) MeV [13]. One should not regard the difference between the
neutral and charged RPP masses as a large isospin splitting. The mass spectra of the charm-
strange and charm-nonstrange mesons are shown in Fig. 1, where the predictions in the GI
quark model [14] are also shown.

These observations led to three mysteries regarding the masses of the positive-parity
charmed mesons:

(1) Mass problem: Why are the D},(2317) and D;;(2460) much lighter than the quark
model expectations for the lowest scalar and axial-vector ¢s mesons?

(2) Fil’le-tllllillg problem: Why is MDA1(246O) - MD:0(23]7) = MD*: - MD: within 2 MeV?
Notice that the positive-parity states and the negative-parity ones are in different spin
multiplets. If they are not connected by any symmetry, it would be mysterious why
the hyperfine splittings should be fine tuned to be almost equal. In Refs. [21, 22], this
equality is obtained as a consequence of the chiral-partner assumption. From Fig. 1,
one sees that the splittings are very different in the GI quark model.

(3) Hierachy problem: Why are MD5(2400) 2z MD:O(2317) and MD](2430) ~ MD9](2460)? Such
relationships were used as inputs in many works, see e.g. [19, 37-39]. But the natural
mass hierachy within a given SU(3) flavor multiplet should be that the hadron with a
strange quark is at least 100 MeV heavier than the nonstrange ones, as a consequence
of the strange quark being much heavier than the up and down quarks.
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Table 1. Masses of the ground state 0* and 0~ charm-strange mesons in the lattice calculation using
two different pion masses in Ref. [44]. The experimental values [13] are given in the last column. All
values are in units of MeV.

M, =150MeV M, =290MeV RPP

Mp, 1977 =1 1980 = 1 1968.34 = 0.07
Mp, 2094+ 1 2101 + 1 21122+ 0.4
Mp, 23484 2384 + 3 2317.7 0.6
My, 2351+4 2397 + 4 2459.5 + 0.6

Although their bottom cousins have not been discovered so far, it is natural to ask whether
such mysteries will repeat there.

Next I will discuss the progress on understanding these mysteries using lattice quantum
chromodynamics (QCD) and effective field theory calculations.

2 Lattice QCD studies of the positive-parity charmed mesons

The calculation of the positive-parity charmed meson spectrum on lattice is difficult as their
masses are close to the strongly-coupled S-wave DK thresholds, and thus it is not easy to
get the correct masses without taking the DK into account. The inclusion of the latter, how-
ever, requires the calculation of quark-antiquark annihilation-type Wick contractions, which
remained a challanging problem for a long time.

Attempts of calculating the ground state scalar charm-strange meson were made shortly
after the D7(2317) discovery. Interpolating operators of the c§ type were used, and the
obtained masses [40, 41] were larger than the observed value for the D7;(2317). The first
calculation using interpolating operators of both the ¢5 and DK (constructed with two quark
fields and two antiquark fields) types was made in [42, 43]. The obtained value for the mass
difference Mp:, - (Mp, +3Mp:)/3, (266 + 16) MeV, was consistent with the experimental
value (241.5 + 0.8) MeV. A more complete lattice calculation on the charm-strange meson
spectrum was made in Ref. [44], where the masses of the 0" and 1* charm-strange mesons
were 2348(4) MeV and 2451(4) MeV, respectively, at a pion mass of 150 MeV. These values
are close to the measured masses of the D?(2317) and D,1(2460). The masses of the ground
state 07, 17, 0" and 17 charm-strange mesons obtained in Ref. [44] using two different pion
masses are shown in Table 1. It is clear that the pion-mass dependence of the 0* and 1* states
is much stronger than that of the 0~ and 1~ ones, indicating the important role of up and down
quarks in the charm-strange mesons.

The charmed-meson—light-meson scattering lengths in a few channels (Dr with I = 3/2,
DK with I = 0 and 1, DK and D;n) free of quark-annihilation contractions were first calcu-
lated on lattice in Ref. [45] (updated in Ref. [46]). These results provide valuable information
on the low-energy interaction between a charmed meson and a light pseudoscalar meson, and
thus leads to important insights into the nature of the scalar charmed mesons, to be discussed
in the next section.

As for the non-strange sector, the Dr I = 1/2 §-wave cattering length and the lowest
scalar Dy meson were calculated using the Liischer’s method in Ref. [47] using the ¢5 + Dn-
type interpolating operators. With a pion mass of about 266 MeV, the authors got Mp, —
(Mp+3Mp-)/3 = (351 +£21) MeV and Mp, — (Mp+3Mp-)/3 = (380 +21) MeV, which may
be confronted with (347 + 29) MeV and (456 + 40) MeV, respectively, using the masses of
the D;(2400) and D;(2430) in the RPP [13].

The most updated and sophisticated lattice calculation of the I = 1/2 Dy is presented
in Ref. [48] using the coupled-channel Liischer’s method. The c¢5 + Dr + Dn + D K-type
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Table 2. Predicted masses of the 0* and 1* heavy-strange mesons, and poles given as (M, T'/2) for the
0* and 1* heavy-nonstrange mesons. Here M and I are the mass and the total decay width,
respectively. For comparison, the RPP values [13] and latest lattice QCD results are also shown. All
values are in units of MeV.

Prediction RPP Lattice QCD
Dy, 231533 2317.7£0.6 2348:’1 [44]
Dy, 24563? 2459.5 £ 0.6 2451 £ 4 [44)]
B, 572032 - 5711 £ 23 [64]
B 5772*5 - 5750 + 25 [64]

Dy (2105%,102419), (2451733,134%]) (2318 + 29,134 +20)
Dy (224773,107*1)), (2555747.203%5) (2427 £ 40,192+%3)
B; Esssst?l, 113’:}2;, Essszj}g, 36+5) - ~

-30°
By (5584%%.119714), (591213 42%) - -

interpolating fields are employed, and the computed energy levels cover the energy region
up to above the D K threshold. The obtained energy levels were analyzed using a coupled-
channel K-matrix formalism. Many K-matrix parameterizations were used to fit the energy
levels. The obtained K-matrix were then substituted into the infinite-volume 7-matrix, which
has poles corresponding to hadronic resonances. In this way, a pole at (2275.9 + 0.9) MeV,
slightly below the D threshold at (2276.4 + 0.9) MeV, were found for M, =~ 391 MeV. It is
worthwhile to notice that this mass is lower than the Dj(2400) in RPP [13], even though the
pion mass takes a value much higher than its physical value.

3 Insights from SU(3) and chiral symmetry

The scalar (axial-vector) charmed mesons can be studied via the S-wave scattering between
the ground state pseudoscalar (vector) charmed mesons and the light pseudoscalar mesons,
and they appear as poles in the pertinent scattering amplitudes. This is the method taken
in Refs. [29-31, 46, 49-58], where various versions of unitarized chiral perturbation theory
(UCHPT) [59-61] were used. In short, the charmed mesons can be treated as matter fields in
chiral effective Lagrangians, and the corresponding scattering amplitudes are then resummed
in the s-channel to satisfy unitarity and to generate poles. The SU(3) flavor symmetry is
incorporated into the Lagrangians, which gives the method a predictive power connecting
different isospin-strangeness channels. It is instructive to notice that the flavor symmetry
structure for mesonic resonances generated from such meson-meson interactions is different
from that in quark models, see, e.g., [62]. As for the charmed mesons, while cg mesons form
an SU(3) antitriplet (3), the charmed-meson and light-meson pairs form an 3, a 6 and a 15.
The leading order chiral interactions in both the 3 and 6 are attractive, with the strength of
the former being larger. It turns out that the D7,(2317) can be dynamically generated and is
in the 3. Its nonstrange partners are the lowest Dy isospin-doublet, and their masses are about
2.1 GeV [29, 30, 63], much lower than the measured value of the D;(2400).

The Dy(2400) (and D;(2430)) resonance parameters in the RPP [13] were obtained using
the Breit-Wigner parameterization in fitting to the D™ invariant mass distributions. They
should be questioned for two reasons: the chiral symmetry of QCD is not incorporated at the
lower end of the resonance; coupled channels (D™, Dg*)l_( ) are not considered at the higher
end. Both factors can be taken into account in the unitarized chiral approach.

The lattice results of the scattering lengths in a few channels at several pion masses
mentioned above [45, 46] were used to fix the parameters in the next-to-leading order
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UCHPT [46]. Using heavy quark spin and flavor symmetries [65], this leads to predictions
of a family of states listed in Table 2. One sees that the masses of the D}, and D, are in
a remarkable agreement with the measured D}(2317) and Dy;(2460) masses [13]. Using
the relation between the scattering length and the compositeness for shallow S -wave bound
states [66], it is found that the DK molecular component of the D7 (2317) wave function is
about 70%. Qualitatively similar result, i.e., the D7 (2317) as mainly a DK molecule, was
also obtained in Ref. [67] by analyzing the lattice data of Ref. [43], as well as in the lattice
calculation of Ref. [44].

A very intriguing feature of the predictions in Table 2 is that there are two Dy states,
and the lower one has a mass much lower than 2.4 GeV as mentioned above. It turns out
that the lower one corresponds to the SU(3) nonstrange partners of the D?,(2317), while the
higher one arises from the flavor sextet, apparently beyond the conventional quark model for
mesons. One may wonder whether the predictions are reliable. It was demonstrated [63]
that the / = 1/2 energy levels in the center-of-mass frame computed by the Hadron Spec-
trum Collaboration with M, ~ 391 MeV [48] can be successfully described using the same
parameters fixed in [46].! This provides a support. Recently, using updated parameters (the
moving-frame data in [48] were also included in the fit), it is found that the two-pole scenario
persists [58]. The question is whether the two-Dj scenario is consistent with experimental
measurements which were well fitted using a single D;;(2400). This is the focus of the next
section.

4 Confronting two D states with the LHCb data
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Figure 2. Fit to the LHCb data for the angular moments (Py), (P;) — 14(P3)/9 and (P,) for the
B~ — D*n ™ reaction [69]. The solid lines are the best fit results, with error bands the one-sigma
uncertainties propagated from the input scattering amplitudes. The dashed lines represent the LHCb
fit [69]. For more details, see Ref. [57].

The best data that can be used to constrain the D spectrum are from three-body B decays.
In particular, the B~ — D*zn~n~ has an advantage that there are no cross-channel 7~ 7~
resonances. In fact, the first observations of the Dj(2400) and D,(2430) were made in the
B~ — DYW*n n~ processes by Belle [32]. Recently, the LHCb experiment measured the
angular moments for this process in Ref. [69]. Different angular moments are sensitive to
different combinations of the partial-wave phases.

The LHCb data for the lowest few moments are fitted in Ref. [57] using a decay amplitude
taking into account unitarity. The coupled-channel (Dr, D, DK) scattering amplitudes enter
the decay through final state interactions. When partial waves with L > 3 are neglected,

IThe description of the lattice energy levels in [44] relevant for the D:-o(2317) and Dj1(2460) using the same
parameters can be found in Ref. [68].
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which is a good approximation for Mp, < 2.55 GeV as indicated by the LHCb data, one can
construct a special linear combination (P3) = (P1) — %(P3) where the D-wave contribution
is cancelled out. It is particularly sensitive to the S-wave phase motion, and thus sensitive
to the Dy spectrum in that energy region. As can be seen from Fig. 2, the data can be well
described with the amplitudes having two Dy states.

From Fig. 2, the data of (P;3) show a drastic variation between 2.4 and 2.5 GeV. Such
a variation naturally appears as there must be two cusps at the D’y and D} K~ thresholds at
2.413 and 2.462 GeV, respectively. The higher cusp gets amplified by the higher pole which
couples most strongly to the D, K channel.

5 Summary and outlook

To summarize, there have been significant progress in understanding the positive-parity
charmed mesons, thanking recent developments in lattice calculations, UCHPT analyses,
and precise experimental measurements. The lattice results and the relevant UCHPT anal-
yses on the charm-strange mesons suggest that the main components of the D,(2317) and
D;1(2460) are DK and D*K, respectively. This solves the first mystery. In this hadronic
molecule scenario, the nearly equal mass splittings in the second mystery is a natural con-
sequence of the heavy quark spin symmetry. The resolution of the last mystery comes from
that the RPP masses do not represent the lowest Djj and D;. There are two broad Dy states
in that region, and the lowest one has a mass smaller than that of the D§0(2317). Yet, the
smoking gun for the D7(2317) to be a DK molecule is a width of O(100 keV) [46, 70], while
other scenarios expect a much smaller value. This will be measured by the PANDA experi-
ment. Very recently, BESIII measured the branching fraction of the D7 (2317)" — D;;ro to

be 1.00f8:(1)2 + 0.14 [71]. Further suggestions for Belle-II and LHCb include:

e To measure precisely the angular moments, in particular (P;) — 14(P3)/9, for the B —
D®nr and B — DU K reactions.

e To measure the D" K spectrum in processes such as B~ — DK, B - DMK K-,
B° — D" K7~ and so on. This is because the higher Dy and D states couples strongly to
the D(s*)l_( and could show up as near-threshold enhancements. There have been hints in the
BaBar and Belle data of B~ — DK~ n* [72,73], B — D;Kgn* and Bt — D;K*K* [74].

e To search for the bottom partners of the D7 (2317) (M =~ 5.72 GeV) in By and D, (2460)
(M =~ 5.77 GeV) in B%")y. Notice that the latter is not the known B,;(5830).

Moreover, the existence of the flavor-sextet state can be searched for on lattice using large
SU(3) symmetric quark masses, and the bottom-nonstrange 0* and 1* mesons can also be
studied on lattice.

It is foreseen that the nature of the positive-parity heavy mesons will be revealed with the
joint efforts from experimental, lattice QCD and theoretical sides.
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